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The Temperature Sensitivity of Miniature Endplate Currents Is Mostly
Governed by Channel Gating: Evidence from Optimized Recordings and
Monte Carlo Simulations
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*Section of Neurobiology and Behavior, and *Departments of Physics and Astronomy, Cornell University, Ithaca, New York 14853-2702,
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ABSTRACT The temperature dependence of miniature endplate current (MEPC) amplitude (A.), 20-80% rise time (t,), and
90-33% fall-time (t;) was determined for lizard (Anolis carolinensis) intercostal muscle using broadband extracellular (EC) and
voltage clamp (VC) recordings. Voltage clamp methods were optimized for the fast MEPC rising phase using custom
electronics. From 0-43°C, A, increased by ~4.2-fold, while t, and t; decreased by ~3.6- and ~9.5-fold, respectively.
Arrhenius plots were smoothly curved, with small apparent Q,, (A.) or (Q,0) ' (t, and t;) values mostly well below 2.0. Nearly
identical extracellular and voltage clamp results ruled out measurement artifacts, even for the shortest t, values (<60 us).
Monte Carlo simulation of MEPCs showed that a single underlying rate cannot determine the observed temperature
dependence. To quantitatively reproduce the experimental t; results, a minimal model required activation energies of 46.0
(Qqo ~ 2.0) and 63.6 (Q,, ~ 2.5) kd mol~" for channel opening and closing, respectively, and accounted for most of the
observed changes in A; and t, as well. Thus, relatively large but offsetting temperature sensitivities of channel gating mostly
govern and minimize the temperature dependence of MEPCs, preserving the safety factor for neuromuscular transmission.

Additional temperature-sensitive parameters that could fine-tune the minimal model are discussed.

INTRODUCTION

The influence of temperature on synaptic current size and
time course can provide valuable information about under-
lying processes such as neurotransmitter diffusion and re-
ceptor activation. The temperature dependence of miniature
endplate currents (MEPCs) at the adult vertebrate neuro-
muscular junction has been studied over many years for a
variety of muscles and animal species, often with radically
different results (e.g., Magleby and Stevens, 1972b; Gage
and McBurney, 1975; Dwyer, 1981; Head, 1983; Robertson
and Wann, 1984; Harper et al., 1989; Tiiska and Lagerspetz,
1994; Tanzi and D’Angelo, 1995; Van der Kloot, 1995).
Given the technical difficulties encountered in measuring
fast signals in such large cells, the wide range of literature
findings may reflect limited recording accuracy rather than
physiological differences. To improve recording accuracy,
we recently developed wide bandwidth, optimized voltage
clamp (VC) and extracellular (EC) methods to record
MEPCs (Stiles et al., 1996). In the present study, we used
further optimized methods to re-examine MEPC tempera-
ture dependence over a very wide range (0—43°C). Monte
Carlo computer simulations (Bartol et al., 1991; Anglister et
al., 1994; Stiles et al., 1996; Stiles et al., 1998a) were then
used to model MEPC generation and to test different pos-
sible mechanisms for the observed temperature dependence.
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In principle, at any single temperature, the MEPC ampli-
tude (4,), rise time (#.), and e-fold fall time (#;) must depend
on the rates of many different processes, including acetyl-
choline (ACh) release by exocytosis, ACh diffusion within
the synaptic cleft, ACh binding to and unbinding from ACh
receptor (AChR), AChR channel gating (opening and clos-
ing), and ACh hydrolysis by acetylcholinesterase (AChE).
Some of these rates depend strongly on temperature, with
apparent Q,, values of 2—4 (e.g., AChR gating [Sachs and
Lecar, 1977; Dilger et al., 1991; Zanello et al., 1996], AChE
hydrolysis [Froede and Wilson, 1971; Rosenberry, 1975],
exocytotic fusion pore expansion in mast cells [Spruce et
al., 1990]), whereas others (e.g., diffusion) are likely to be
far less sensitive to temperature, with Q,, values close to
unity. We have previously shown that large changes in the
rate of ACh hydrolysis or exocytosis can have little or no
effect on MEPCs (Anglister et al., 1994; Stiles et al., 1996),
so it is very unlikely that all rates underlying MEPC gen-
eration (even those that are highly sensitive to temperature)
contribute significantly to the effective MEPC temperature
sensitivity. One extreme hypothesis would be that a single
rate predominates over all others in determining the MEPC
temperature dependence. In contrast, if two or more rates
contribute significantly, their effects could be synergistic or
offsetting. In the latter case, the apparent MEPC tempera-
ture dependence could be small despite large temperature
sensitivities of the underlying rates. To distinguish between
these possibilities, we measured MEPC A4, ¢,, and ¢, at many
different temperatures, and then determined the simplest
possible quantitative model of MEPC temperature depen-
dence. This model consisted of only two offsetting temper-
ature-sensitive rates, and our simulation results agreed
surprisingly well with our experimental data. The physio-
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logical implications of the minimal model are discussed,
together with additional factors that could fine-tune the model.

MATERIALS AND METHODS
Intercostal muscle preparation

Miniature endplate current recordings were performed on lizard (Anolis
carolinensis, Carolina Biological Supply Co., Burlington, NC) intercostal
muscle fibers, because they have compact endplates that can be directly
visualized for electrode positioning. In addition, the AChR site density and
distribution are known (Salpeter et al., 1984), and extensive (room tem-
perature) modeling constraints have been obtained in earlier studies (Land
et al., 1980, 1981, 1984; Bartol et al., 1991; Bartol, 1991; Anglister et al.,
1994; Stiles et al., 1996). The animals were housed under a controlled
day—night cycle and were acclimated to an ambient temperature of 26—
28°C for at least several days before an experiment. All surgical procedures
were performed in accord with an approved Cornell University Animal
Care and Use Committee Protocol (A3347-01). Before each experiment,
lizards were first killed by decapitation followed by pithing, and then the
left and right halves of the ribcage were dissected to expose single layers
of muscle fibers. The bathing medium was a reptile Ringer’s solution, pH
7.4 (Land et al., 1980). For MEPC recordings at different temperatures
(0—43°C), individual unstained endplates were located using Hoffman
modulation optics, and the temperature of the microscope stage was con-
trolled using a recirculating ethanol/water solution. Recording tempera-
tures were determined directly from the recording bath. All chemical
reagents were obtained from Sigma Chemical Co. (St. Louis, MO).

MEPC recordings

Our optimized methods for VC and EC recordings were similar to those
previously described (Stiles et al., 1996). For EC recordings, large blunt
microelectrodes with tip diameters of 20—30 wm were filled with Ringer’s
solution (0.3-0.5 M{), —3 dB at > 10 kHz while immersed), and were
gently pressed onto the surface of endplates. The extracellular voltage
change corresponding to the time course of an MEPC was amplified using
a differential ac amplifier (x1000, model 1700, A-M Systems, Everett,
WA). The amplifier’s high and low pass filter settings were 1 Hz and 20
kHz, respectively (—3 dB, 2-pole Butterworth response). For VC record-
ings, short-taper intracellular microelectrodes were pulled to resistances of
about 1 MQ (3 M KCIl; —3 dB at ~12 kHz), and were used with a
custom-made high speed voltage clamp rig (Stiles et al., 1996). One
important modification was added to the electronics described previously.
A small variable capacitance was added to the current electrode headstage,
allowing critical damping of stray capacitances for the actual immersed
microelectrodes before impaling cells. Unlike active compensation for
stray capacitances (Finkel, 1985), this feature does not add noise and
allows extremely high clamp speeds (<<<20 us 20—80% time for a 1-mV
step change) and dynamic accuracy in current measurements. Further
details are given elsewhere (Stiles et al., 1998b). External high and low
pass filtering for the measured clamp current were at ~0.5 Hz and ~9 kHz,
respectively (—3 dB, 4-pole Bessel response).

MEPC data analysis

Analysis methods were identical for EC and VC MEPCs. Individual signals
were digitized at 50 kHz, and subsequently fitted using a nonlinear least
squares method (Stiles et al., 1996) that oversamples (2X) the raw data.
Each individual MEPC was fitted twice. In the first pass, the unsmoothed
raw data were fitted to obtain values for peak amplitude (4.), 20—80% rise
time (#.), and 90-33% (e-fold) decay time (;). In the second pass, the raw
data were first mildly smoothed using a sliding 8-point (160 us) trapezoi-
dal window. Such a narrow smoothing window slightly prolongs the rising
phase symmetrically around the time point at which 50% 4. is reached. The
50% A time obtained by fitting the smoothed data then is used to go back
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and align the raw, unsmoothed data for signal averaging to improve the
signal-to-noise ratio. Thus for each endplate (fiber), mean A4, 7, and ¢
values could be obtained by two methods, either by averaging individual
MEPC values, or by fitting the single mean MEPC obtained after aligning
and signal-averaging the raw data. Using a clamped model cell and
artificial analog MEPCs (Stiles et al., 1996), we have previously deter-
mined that the two methods give virtually identical results. Furthermore,
the shape of the input signal can be accurately recovered from the noisy
recording data, and our recording and filtering conditions allow accurate
measurement of mean 7, values as short as 50 us. In the present study, mean
A, t,, and #; values for each endplate were averaged over multiple cells, so
the error ranges reported here predominantly reflect cell-to-cell variability.
The shape of signal-averaged EC and VC MEPCs was used for comparison
with simulated MEPCs, and the technique introduced here for critical
damping of stray capacitances further optimizes agreement between ex-
perimental EC and VC determinations of #, and MEPC shape.

Computer simulations

Monte Carlo computer simulations of MEPC generation were performed
using the program MCell, Version 1.21 (Stiles et al., 1998a), on a Digital
Equipment Corporation AlphaStation 250 4/266 running Digital UNIX
(OSF/1 Version 3.2B) with 160 Mbytes of RAM. Except as otherwise
detailed in Modeling Results and Predictions, the design of the model
neuromuscular junction and other input parameters were similar to those
described previously for 22°C (Anglister et al., 1994; Stiles et al., 1996).
Individual simulated MEPCs were fitted to determine A4, #,, and #; values

ot

using the same algorithm and methods applied to experimental MEPCs.

EXPERIMENTAL RESULTS

Figure 1 shows typical examples of individual EC and VC
MEPCs recorded at three different temperatures (4, 22, and
38°C). For the sake of comparison, the EC traces have been
scaled to approximately match the amplitudes of the VC
traces (quantitative measurement of MEPC amplitude is
only obtained from VC recordings; hence, subsequent anal-
ysis of EC data is shown only for the MEPC time course).
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FIGURE 1 Individual MEPC recordings at three different temperatures.
Representative examples are shown for different MEPCs recorded either
with optimized voltage clamp (VC) or extracellular (EC) methods. The
amplitude calibration bar applies only to VC data, and EC traces are scaled
to approximately match the size of VC traces (see text). The signal to noise
ratio is similar for EC and VC data at each temperature.
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Figure 2A shows corresponding mean MEPC traces ob-
tained after signal-averaging (see Methods). Agreement be-
tween the averaged EC and VC traces is extremely close at
all three temperatures, with minor differences notable only
during the falling phase. Because the falling phase is known
to depend strongly on membrane potential (e.g., Magleby
and Stevens, 1972a; Anderson and Stevens, 1973; Katz and
Miledi, 1973; Gage and McBurney, 1975), slightly faster
current decay with EC recordings is expected based on the
small difference between our holding potential during VC
recordings (—100 mV) and the average resting membrane
potential during EC recordings (approximately —90 mV).
In two experiments we confirmed earlier reports (Kordas,
1972; Gage and McBurney, 1975) that resting membrane
potential is relatively independent of temperature (Table 1),
ruling out indirect voltage-dependent effects of temperature
in our EC results.
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FIGURE 2 Signal-averaged MEPCs at three different temperatures. (4)
Individual VC and EC MEPCs were aligned and averaged (see Methods;
~100 MEPCs per trace). The resulting waveforms were normalized by
amplitude and overlaid for comparison of their shapes. (B) Overlay of VC
traces from panel A, illustrating relative changes in size and time course as
a function of temperature.
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TABLE 1 Muscle fiber resting membrane potential varies
little with temperature

Temperature (°C)

2.5-5 20-23 3740
RMP = SD (mV) -90 + 4 -89 +4 -97 %5
n (muscle fibers) 46 51 46

The three superimposed traces of Fig. 2 B are reproduc-
tions of the VC traces from Fig. 2 4, and exemplify the
increased size and faster time course that result with in-
creased temperature. In Table 2, such changes are quantified
at four selected temperatures. The A, f,, and # values
obtained at 21-22°C match our earlier results at 22°C (Stiles
et al., 1996), and thus confirm the earlier conclusion that ¢,
is extremely short (close to 80 us) at room temperature in
this preparation. At the highest temperature indicated in
Table 2 (38—-39°C), t, was less than 60 us, and the excellent
agreement between EC and VC measurements again under-
scores the accuracy of our recording methods. At all four
temperatures, the EC ¢, value is similar to but slightly less
than the corresponding VC value. This finding is consistent
with the expectation discussed above for Fig. 2 4, based on
EC resting membrane potential versus VC holding potential.

To determine the shape of Arrhenius plots for 4, ., and
tr, we recorded MEPCs at many more temperatures than are
shown in Table 2. The results are shown in Fig. 3, and all
three plots are smoothly curved rather than linear or discon-
tinuous (e.g., exhibiting a sudden break point at low tem-
peratures). For 7., the EC and VC results are indistinguish-
able, and for #; the very small tendency toward a slightly
longer VC value is evident. For each measured parameter,
the sets of experimental data points were fitted empirically
by nonlinear least squares regression (smooth curves), using
an exponential function that is quadratic in absolute tem-
perature {4, ¢, or t; = exp[a(°’K)* + b(°K) + c]}.

TABLE 2 Experimental MEPC measurements at four
different temperatures

Temperature (°C)

34 11-12 21-22 38-39

Peak amplitude (4., nA)*

vC 1.9+0.3 2.6 +0.6 38 +0.7 59=*13
20-80% Rise time (., us)

vC 166 = 21 129 =39 84 £ 11 58 £8

EC 162 =33 107 =13 84 =10 5312
90-33% Fall time (¢, ms)

vC 45%05 25%0.2 1.4 £0.2 0.7+0.1

EC 35207 2.1+03 303 0.5+0.1
n (endplates)

vC 8 15 64 21

EC 10 27 42 13

VC and EC indicate voltage clamp and extracellularly recorded data,
respectively. Values are mean + SD averaged over multiple endplates (see
Methods; 40—80 MEPCs per endplate).

*Measured only with voltage clamp recordings (see Experimental Results).
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FIGURE 3 Arrhenius plots for experimental (4) 4., (B) ¢, and (C) t;
determinations. Open triangles and closed circles indicate VC and EC data,
respectively (4. shown only for VC data, as per text and legend for Fig. 1).
Note log scaling for ordinate axes. Each point represents the mean = SD
for 5-20 endplates (=200 MEPCs per point). Apparent Q,, (4., increases
with temperature) and (Q,,) "' (¢, and t,, decrease with temperature) values
were calculated from empirical fitting curves (solid) over the 10° intervals
indicated by shading.

Using the best fit regression curve for 4., we calculated
three apparent Q,, values for three different temperature
intervals of 10° (values shown in shaded regions of Fig. 3).
For ¢, and #; (which decrease rather than increase with
increasing temperature), we calculated corresponding
(Q,o) " values as indicated. The largest of these values (2.2)
was obtained for #; at low temperatures, and at high tem-
peratures all of the values were very close to unity. These
apparent Q,, findings are in qualitative agreement with previ-
ous less extensive measurements (Dwyer, 1981; Robertson
and Wann, 1984; Adams, 1989; Tanzi and D’Angelo, 1995).

MODELING RESULTS AND PREDICTIONS
22°C Input parameter values
Synaptic cleft architecture and ACh release

For computer simulations, we first determined a set of input
parameter values that produced simulated MEPCs that
matched our experimental MEPCs at 22°C. The AChR and
ACHhE site density and distribution, and primary cleft and
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junctional fold dimensions, were as previously described for
the lizard intercostal muscle preparation (Salpeter et al.,
1984; Anglister et al., 1994; Stiles et al., 1996). For most
simulations, the release of ACh was modeled as instanta-
neous appearance of the quantal packet (contained in a
volume equal to a synaptic vesicle) in the cleft space above
a junctional fold (Bartol et al., 1991; Anglister et al., 1994).
We used this simplification because we have previously
shown that the results for the MEPC time course are very
similar to those obtained if ACh release is modeled explic-
itly with rapid exocytotic fusion pore expansion (Stiles et
al., 1996). In some cases, instantancous ACh release was
not used, and the impact of temperature on ACh exocytosis
was modeled using different fusion pore expansion rates.
Under these conditions, ACh appeared in the cleft according
to the expected time course of vesicle emptying (Stiles et
al., 1996; Stiles et al., 1998a).

AChR and AChE reaction mechanisms

For AChR activation, we used the simplest generally ac-
cepted kinetic scheme, which we have previously shown is
sufficient to closely reproduce the shape of the MEPC rising
phase, peak, and falling phase at 22°C (Stiles et al., 1996).
This scheme includes two identical, independent ACh bind-
ing sites,

2k k4 N B *
A+RT—= AR+ Ae5—=> A,Re== A)R
Scheme 1

where A denotes ACh, and R, AR, A,R, and A,R* denote
the receptor complex in its unbound, singly-bound, doubly-
bound closed, and doubly-bound open states, respectively.

For AChE hydrolysis, we used a simplified scheme
that ignores unimportant (nonrate-limiting) hydrolytic
intermediates,

k k
A+ AChE —™%—> Ao ACRE —* > AChE
Scheme 2

where A - AChE is the rate-limiting acetylated enzyme
intermediate (Froede and Wilson, 1971; Rosenberry, 1975)
that turns over with rate k_,. The mean dwell time of ACh
on AChE is thus 1/,

cat*

Input parameter value choices and fitting

With synaptic architecture, AChR and AChE site densities,
and ACh release handled as described above, the remaining
model inputs include the six rate constants from Schemes 1
and 2 (k, k_, o, B, kg, and k_,,), as well as the number of
ACh molecules in a quantal packet (N), the diffusion con-
stant for ACh in the synaptic cleft (D), and the AChR
single-channel conductance (7). Because vy is only a scaling
factor that relates simulated MEPC amplitude (number of
open channels) to VC current (n4), it has no effect on the
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MEPC time course, and we simply chose a value (all 22°C
input parameter values are summarized in Table 3) reported
for garter snake endplate AChR at 22°C (Dionne and Par-
sons, 1981).

A paper proposing a saturated disk model of MEPC
generation (Matthews-Bellinger and Salpeter, 1978) led to a
series of experimental and modeling papers (Land et al.,
1980, 1981, 1984; Bartol et al., 1991; Stiles et al., 1992,
1996; Anglister et al., 1994). From these, kg has relatively
little impact on the MEPC time course, and we again chose
a value consistent with literature estimates (Rosenberry,
1975). We have previously determined k_,, for lizard inter-
costal muscle at room temperature (Table 3), and have
shown that MEPC ¢; is essentially independent of &, k.,
or AChE site density over a very wide range of values
(Anglister et al., 1994). Only if the AChE parameter values
were extremely small would buffered diffusion (Katz and
Miledi, 1973) and late channel openings prolong the falling
phase appreciably. Otherwise, ¢ is essentially determined
by the apparent mean channel open time.

From Scheme 1, each AChR can burst, i.e., open more
than once before ACh dissociates, so the apparent mean
open time is given by the mean burst duration (MBD), or

TABLE 3 Model parameter values at 22°C, and relative
sensitivities of simulated MEPC A, t,, and t; to changes in
individual model parameters

Experimental Results
A c tr tf
Change for 10° Increase (17° - 27°, Fig.3)
(Arrows Normalized to Equal Size) f(38%) J’ (24%) " (39%)
Simulation Results*
Kinetic Relative Change for 2-fold
Parameter Value at 22°C Increase in Kinetic Parameter Value
k 18365 s°1 3 @ 4
o 1670 571 - 2 4 l
#
keat 4500 s - g —
kiE 1.50 x 108 M-1s"1 - 3 ¥
exocytotic pore 55 1oy e _# & _
expansion rate
D 3.36 x 106 cm2s™" 4 4 -
N 5045 molecules A B36x) T —
-
55 pS A 2.7X nic nic
Y p = @™
k+ 8.03 x 107 M5! f - -
B 36729 s T+ -+ 1

*Size of arrows is normalized to corresponding 4., f,, or #; change shown
for Experimental Results (n/c, no change).

“Indicates parameters for which a large decrease in temperature would give
a highly asymmetrical response (see Modeling Results and Predictions, and
Discussion). Remaining parameters would give approximately equal but
opposite changes for decreased rather than increased temperature.
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average elapsed time from the beginning of the first opening
to the end of the last opening before dissociation. The mean
lifetimes of the A,R and A,R* states are given by 7, = 1/(8
+ 2k_), and 7, = 1/a, respectively. The mean number of
flicker closures (»C) within a burst of openings is given by
B/2k_, and by definition, the mean number of openings
(nO) must be one greater than nC, or 1 + [3/2k_. Hence,
MBD is given by,

MBD = (nO)(,) + (nC)(.)
1
= (1 + P12k ) + (BRENB + 2k.). M

From experimental determinations (e.g., Colquhoun and
Sakmann, 1985; Dilger et al., 1991), 8 is much larger than
«, and from the modeling studies cited above a value of B/«
between 20 and 25 predicts values for other model param-
eters that are consistent with experimental estimates, and
also predicts an MEPC shape that is consistent with our
experimental signal-averaged MEPCs. For the present
study, we used a midrange value of 22. With B > a, 7, <
7, and the second term in Eq. 1 can be omitted. From this
and the near equivalence of #; and MBD, Eq. 1 can be
replaced by the approximate relation,

t;~ MBD =~ (1/a) - (1 + B/2k_). ©)

From the regression curve in Fig. 3 C, #;at 22°C is 1.25 ms.
Also, from the experimental and modeling studies cited
above, 3/2k_ =~ 1. Substituting these two values into Eq. 2
gives an initial estimate for a of 1600 s~ !, and hence (from
B/a = 22 and B/2k_ =~ 1) initial values for 8 and k_ of
35,200 and 17,600 s~ ', respectively. From the previous
modeling studies cited above, our initial values for D, N,
and k, were consistent with B/a = 22, and were 3 X 10™°
em?s ™!, 6000, and 8 X 10" M~ 's™ !, respectively.

Based on these initial values, we ran multiple (10-20)
MCell simulations using different sets of random numbers.
The simulated MEPCs (which differ slightly because of
stochastic variability, e.g., Fig. 4) then were fitted individ-
ually to determine A4, ¢, and #; (see Methods). Next, the 4,
t., and #; values were averaged, and the resulting means were
compared to the experimental targets (4.15 nA, 79 ws, and
1.25 ms, respectively) obtained from the regression curves
of Fig. 3. We then adjusted the input values for «, D, N, and
k., keeping B = 2k_ and B/a = 22 constant. After several
cycles of such adjustments, the simulation A4, ¢, and #
values essentially matched our experimental results (see
below). For each step of the cycle, adjustments were guided
by two approximate scaling relations derived from the sat-
urated disk model: (1) multiplying k., k_, «, B, and D by
the same factor (&) leaves A, unchanged but multiplies #, and
te by 1/&; and (2) multiplying N and D by the same factor i
leaves 7. and 7, unchanged but multiplies 4, by 7.

Our final model input values for 22°C are listed in Table
3, and give the following simulation values for A4, 7., and #;
(mean = SD for 10 simulations using different random
numbers): 4.12 = 0.12 nA (749 = 21 open channels), 84 *
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FIGURE 4 Comparison of experimental and model MEPC shape at
22°C. Ten model MEPCs (thin gray lines) obtained with different random
numbers and the input parameter values of Table 3 are shown together with
the corresponding average trace (thick black line). Experimental VC and
EC curves are averages from 125 MEPCs (3 endplates/animals/recording
days) and 86 MEPCs (2 endplates/animals/recording days), respectively.
To best illustrate the agreement between mean experimental and model
MEPC shapes, individual experimental traces were selected so that: (1) 4,
t, and # (VC), or ¢, and t; (EC), values were within 75-125% of the mean
model values (4., 4.12 nA; t,, 84 us; f;, 1.29 ms); (2) the resulting mean
experimental values reproduced the mean model values very closely (VC:
A, 4.141nA; ¢, 81 ws; t, 1.34 ms. EC: ¢, 80 us; #;, 1.29 ms). The amplitude

of the averaged EC trace was normalized to match that of the VC and
model traces.

4 ws, and 1.29 = 0.055 ms, respectively. It is possible to use
widely different combinations of model input values and
reproduce the experimental 4, #,, and ¢, target values rea-
sonably well, but such other combinations that we have tried
are inconsistent with experimental estimates and/or do not
simultaneously predict the correct experimental MEPC
shape. The final input values used here are all compatible
with a variety of earlier experimental and theoretical esti-
mates and, as shown in Fig. 4, closely reproduce the MEPC
shape obtained from signal-averaged EC and VC experi-
mental MEPCs.

Predicted temperature dependence of MEPC A,
t, and t;

From a variety of earlier studies (see Introduction) it ap-
pears that some parameters such as k_,, Synaptic vesicle
fusion pore expansion, and apparent mean channel open
time (MBD), have large temperature sensitivities with ap-
parent Q,, values of about 3.0. In contrast, D changes only
linearly with temperature (from the Einstein relation, D =
RTu, where R is the gas constant, 7 is absolute temperature
in K, and u is molecular mobility; Schultz, 1980) and thus
has a low Q,, of about 1.035. The temperature sensitivity of
remaining parameters is largely uncertain. Our experimental
results from the present study establish that the temperature
dependence of MEPC A4, ¢, and . is relatively small, with
Q,o or (Q,o) ' values mostly closer to 1.0 than 2.0, and all
well below 3.0 (Fig. 3). In the modeling analysis that
follows, we determined a minimal model of MEPC temper-
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ature sensitivity, and show that changes in two temperature
sensitive rates offset each other and account for most of the
observed changes in A4, #,, and ¢

Single temperature-sensitive rate model

The simplest possible model of MEPC temperature depen-
dence would include only a single dominant temperature-
sensitive rate. We investigated this possibility by varying
model parameters individually in computer simulations. Ta-
ble 3 shows the resulting changes in 4, ., and #; for a 2-fold
increase in each parameter value. The model results are
scaled relative to the observed experimental changes in 4,
t., and #; for a 10°C increase centered on 22°C (middle gray
region in Fig. 3), and in no case do all three model results
show the same directions of change that were observed
experimentally. Thus, the possibility that a single tempera-
ture-sensitive rate dominates the temperature dependence of
MEPCs could be ruled out on purely qualitative grounds,
indicating that at least two rates must make appreciable
contributions.

MEPC t;: k_ sensitive to temperature

In principle, ten model input parameters (Table 3) taken two
at a time yield 45 possible pairs to consider. In practice,
however, it was necessary to consider only several combi-
nations because Eq. 2 directly relates #;to only «, 3, and & _.
Table 3 shows that a temperature-dependent change in only
a or k_ (i.e., not B) would give the observed direction of
change in #. However, neither a nor £ would give the
correct change in 4., and so a minimal model of MEPC
temperature dependence requires at least a second parame-
ter paired with either « or k_, in order to simultaneously
produce the observed directions and magnitudes of changes
in A, t., and ¢

The influence of k_ on A, strongly outweighs the influ-
ence of « (relative lengths of arrows in Table 3) because k_
has a direct impact on the channel opening probability, p,
[from Scheme 1, p, = B/(B + 2k_)]. Because changes in p,
can influence the shape of the MEPC peak as well as 4, we
modeled MEPC temperature dependence based on k_ alone
to see if the resulting 4. and shape changes would effec-
tively rule out k_ as a dominating temperature-sensitive
parameter. With the activation energy (£,) for k_ assumed
to be independent of temperature, the rate constant value
was calculated from the Arrhenius equation,

ko=A4-e "R )

where A is the preexponential factor (Barrow, 1981). Keep-
ing all other input parameters fixed at their room tempera-
ture values (Table 3), we chose a value for £,, calculated k_
at several different temperatures, and then ran sets of sim-
ulations for those temperatures. We repeated this process
until the predicted dependence of #; on temperature matched
the average slope of the experimental curve shown in Fig.
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3 C. The final value for E, obtained in this manner was
7489 kI mol™!, or 1790 kcal mol™' (4 =
3.3446 X 107 s7 ).

The apparent Q,, values for k_ (ranging from 2.5 to 3.2,
Table 4) are reasonable for a biological rate, but neverthe-
less are 50-90% larger than the corresponding empirical
(Q,o) ! values for experimental ¢ (Fig. 3 C). Using the E,
value of 74.89 kJ mol !, we simulated MEPCs over a range
of temperatures, and in Fig. 5 the resulting Arrhenius plots
for A, t,, and t; (open squares) are compared to the curves
(solid lines) that we obtained by fitting our experimental
data (reproduced from Fig. 3). The simulation results for A,
and ¢, are smoothly curved (Fig. 5, 4 and C, respectively),
while the result for 7. shows a more complex nonlinear
shape (Fig. 5 B).

Despite the nonlinear Arrhenius plots, the simulation
results are not a good reproduction of the experimental
results. In particular, the curvature of the simulation #; data
is larger than that for the experimental data (Fig. 5 C), the
agreement between simulation and experimental ¢, results is
poor at low temperatures (Fig. 5 B), and (most significantly)
the simulation curve showing decreased A, at increased
temperature is in pronounced opposition to the experimental
curve (Fig. 5 4). In addition, Fig. 6 4 shows that the shape
of the simulated MEPCs at low temperatures is not com-
patible with the corresponding experimental MEPCs, due to
an excessive broadening of the peak and early falling phase.
These findings for 4. and peak shape rule out k_ as a
dominant factor contributing to the MEPC temperature
dependence.

Minimal model: a and B sensitive to temperature

With k_ ruled out, @ remains as the one parameter that is
required to account for decreasing #; with increasing tem-
perature (Table 3). However, because temperature sensitiv-
ity of a alone cannot account for all of our experimental
findings, at least one additional temperature-sensitive pa-
rameter must be chosen. Temperature sensitivity of 3 would
affect A4, in the required direction and also might reproduce
the required curvature for the Arrhenius plot of #,. A mini-
mal model of MEPC temperature dependence based only on
« and (3, therefore, has the potential to account for most of
the overall 4, #,, and ¢ changes that occur with changing
temperature.

TABLE 4 Apparent Q,, values for temperature-sensitive
model parameters

Minimal Model

Temperature P —
Range (°C)* k_ Alone et B
0-10 32 2.7 2.1
17-27 2.8 2.4 1.9
3343 2.5 22 1.8

*The 10° temperature intervals shown are the same as indicated by the
shaded regions in Fig 3.

MEPC Temperature Dependence and AChR Gating

1183

__ 1600 |

9

2 800

o

3

G 400

c

[0

S 200

[4)

< 400
200

2

< 100
50

t (ms)

3.1 3.2 3.3 3.4 3.5 3.6 3.7
(Kelvin)™" x 10°

40 30 20 10 5 0
°’c

FIGURE 5 Comparison of Arrhenius plots for model and experimental
MEPC (4) 4., (B) t,, and (C) t;. Open squares indicate model results
obtained when only the rate of ACh unbinding (k_) was dependent on
temperature (based on constant £, of 74.89 kJ mol~'). Filled diamonds are
results obtained with the minimal model of MEPC temperature sensitivity,
i.e., with the rates of AChR channel opening and closing (8 and «)
dependent on temperature (constant £, values of 46.0 and 63.6 kJ mol ™",
respectively). Each model point represents an average value obtained from
10 simulations run with different random numbers, and the range for one
SD was smaller than the size of the symbols. Solid lines are the empirical
fitting curves obtained from experimental results, and are reproduced from
Fig. 3.

In modeling the combined temperature dependence of «
and (3, we first took the simplest course and assumed that £,
was identical and independent of temperature for the two
parameters, making the ratio 3/« constant with temperature.
As in our modeling based on k_ alone, the only fitting
criterion was the average slope of the Arrhenius plot for 7,
compared to the experimental curve shown in Fig. 3 C and
reproduced in Fig. 5 C. We found that the optimal £, value
was similar to that obtained previously for k_, but that the
Arrhenius plot was too highly curved, i.e., # was too long at
both low and high temperatures (not shown, but similar to
the results shown for £_ in Fig. 5 C).

To correct the curvature in the Arrhenius plot for #, we
next allowed o and 3 to have different but constant £,
values. In this case we searched for the combination of
values that reproduced the experimental 7, values measured
at the extreme low and high temperatures. For «, the final £,
was 63.6 kI mol ', or 15.2 kcal mol ™' (4 = 3.043 X 10"
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FIGURE 6 Temperature-dependent shape changes for model MEPCs.
(4) ACh unbinding (k_) sensitive to temperature. (B) AChR gating (« and
B) sensitive to temperature. The temperatures for the 10 different curves in
each panel correspond to those for the Arrhenius plots of Fig. 5, and each
curve is the average obtained from 10 simulations. Dashed arrows indicate
excessive broadening of the peak obtained with reduced k_ at low tem-
peratures (4), but which was not seen experimentally (Figs. 1 and 2) or
with reduced « and B (B).

s~ "), and for B was 46.0 kT mol !, or 11.0 kcal mol ' (4 =
5.177 X 10'% s7'). Table 4 shows that the apparent Q,,
values for « and 3 ranged from 1.8 to 2.7.

Having determined optimal E, values for « and S at the
extreme high and low temperatures, we then ran simulations
for the entire range of temperatures and compared the
resulting Arrhenius plots for A4, ¢, and ¢ (Fig. 5, filled
diamonds) to the corresponding experimental results (solid
curves reproduced from Fig. 3). As expected, for #; the
simulation and experimental results are essentially indistin-
guishable. For 4, (Fig. 5 4) and ¢, (Fig. 5 B), the simulation
and experimental results are qualitatively similar. Quantita-
tively, the Arrhenius plot for simulation 4. is smoothly
curved like the plot for experimental 4, but has a slightly
shallower overall slope. The plot for simulation ¢, is roughly
linear and shows good agreement with the experimental ¢,
data at high temperatures, but at low temperatures the two ¢,
plots diverge slightly. Figure 6 B shows that, with « and 3
differentially sensitive to temperature, the shape of simu-
lated MEPCs agreed closely with the shape of our experi-
mental MEPCs, and did not show excessive broadening of
the peak as amplitude decreased with decreasing tempera-
ture. Thus, although our minimal model based on « and 83
does not exactly reproduce all of our experimental results, it
nevertheless shows that the offsetting temperature sensitiv-
ities of AChR channel gating mostly govern the temperature
dependence of MEPC A4, ¢, and ¢ Some of the remaining
parameters in Table 3 are notable candidates for fine-tuning
the model to obtain even closer agreement with experimen-
tal data, and such possibilities are presented in the Discussion.
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DISCUSSION
Optimized MEPC recordings

Miniature endplate currents are extremely fast signals re-
corded from very large cells with correspondingly large
membrane capacitance and small input resistance. These
cellular characteristics represent a large load for a VC
circuit, and must be overcome by very large feedback loop
gains to achieve fast clamp speeds (loop gain is the multi-
plication factor applied to the difference between instanta-
neous membrane potential and the desired holding poten-
tial). Unfortunately, large loop gains introduce current
measurement problems because stray capacitive currents are
enhanced relative to the desired cell membrane current.

Large uncompensated capacitive currents are relatively
easy to detect because the measured VC current shows
obvious transient overshoot, but small capacitive currents
can contribute to what appear as normal MEPCs and can
markedly influence the detailed shape of the rising phase
and peak. Standard capacitance compensation circuits in
commercially available VC amplifiers introduce recording
noise (Finkel, 1985), and, with muscle fibers and high loop
gains, are generally of little use because MEPCs can be
completely obscured by the increased noise. In the present
study, we used custom high-speed VC electronics that in-
corporated variable passive capacitance compensation, so
that recording noise was not increased and stray capacitive
currents could be critically damped for each pair of record-
ing electrodes in position in the recording bath.

Together with our optimized VC methods, we used EC
recording techniques with clearly defined (broad) band-
width, and electrode tip sizes that minimize ¢z, artifacts
introduced by pressure applied to the endplate while record-
ing (Stiles et al., 1996). We obtained exceedingly close
agreement for EC and VC ¢, measurements carried out over
a very wide range of temperatures (Table 2 and Fig. 3), even
up to 43°C where ¢, dropped to a minimum of only ~55 us.
We have also recently used these optimized recording meth-
ods with frog (Rana pipiens) sartorius and cutaneous pec-
toris muscles, and found that ¢, is nearly as fast (~100 us)
as in the lizard (Stiles et al., 1998b), ruling out longer values
(200—400 ws) and associated consequences that had been
suggested for the time course of ACh exocytosis (see Van
der Kloot, 1995). Because of the agreement between our
present EC and VC results, we were able to rule out residual
current measurement errors arising from either stray capac-
itances or limited bandwidth. We then could use our results
to investigate quantitative models of MEPC temperature
dependence based on the activation energy (£,) of one or
more underlying rates.

Modeling the temperature sensitivity of MEPCs
Our modeling results showed that:

1. A nonlinear Arrhenius plot does not necessarily reflect
an E, that itself changes with temperature, as has some-
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times been concluded based on the temperature sensitiv-
ity of MEPCs (see citations in Introduction). For in-
stance, Fig. 5 shows nonlinear Arrhenius plots obtained
for MEPC 4, t,, and ¢; when only one rate (ACh un-
binding, £_) has a large but constant £,, or when two
rates (AChR channel opening and closing, 3 and «) have
different but constant £, values.

2. At least two temperature-sensitive rates must contribute
to the observed MEPC temperature sensitivity, because
changes in any single rate could not simultaneously
reproduce the observed directions of change in MEPC
A, t., and ¢; (Table 3).

3. A minimal model in which only « and 3 are sensitive to
temperature (E, values of 63.6 and 46.0 kJ mol ', re-
spectively, with £, = 0 for all other parameters) repro-
duced the curved experimental Arrhenius plot for #. In
this model, the ratio 8/2k_ = 1 at 22°C. A much larger
or smaller value of this ratio would reduce or eliminate
the curvature of the #; Arrhenius plot, and hence would
degrade agreement with our experimental results. Mod-
els where /£_ also has a positive E, (in addition to o and
B) could also predict the correct temperature dependence
of t;. From the results shown in Table 3 and Figs. 5 and
6, however, such models would give the correct temper-
ature dependence of MEPC A, and shape only if the £,
for k_ is appreciably smaller than the £, values for o and
B. Because t#; essentially depends only on a at low
temperatures (Eq. 2 simplifies to 1/a), our model E,
value for a depends little on any other assumptions or
parameters. At high temperatures, #; depends on the ratio
B/2k_ as well as « (Eq. 2), and therefore our model £,
value for 3 is a lower limit. The actual E, for 8 would be
increased by any small non-zero E, of k_.

4. The minimal model not only reproduces the experimen-
tal temperature dependence of MEPC ¢, but also ac-
counts for much of the observed changes in 4. and ¢,
(Fig. 5). At low temperatures, both o and 3 decrease,
which prolongs the effective channel gating time (related
to 1/(a + B)) and therefore also prolongs 7. The in-
creased 7, occurs despite a decrease in A,, which itself
stems from a decrease in channel opening probability
(v, = B/(B + 2k_). At high temperatures, both A_ and 7,
approach asymptotic limits (Fig. 5) because p, ap-
proaches unity and essentially all AChRs open upon
reaching the double-bound state. Because #; approaches
(B/a):1/2k_ at high temperatures (Eq. 2), and because
the £, values for 8 and « are similar, #; also changes little
at high temperatures.

Fine-tuning the minimal model

To reproduce quantitatively the experimental temperature
sensitivity of A, and 7., our minimal model would require
additional temperature-dependent parameters that slightly
increase the sensitivity of 4. across the entire temperature
range, and slightly increase the sensitivity of #, mostly at
low temperatures (Fig. 5, 4 and B). Because numerous
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parameters may be involved and may have offsetting effects
(Table 3), we cannot suggest a unique, quantitative exten-
sion to the minimal model. However, we can suggest sev-
eral likely possibilities.

A modest temperature sensitivity of nicotinic AChR sin-
gle-channel conductance (y) has been reported (Q,, values
mostly ~1.3, e.g., Sachs and Lecar, 1977; Fishbach and
Lass, 1978; Dionne and Parsons, 1981; Hoffman and Di-
onne, 1983; Dilger et al., 1991). Such changes in y would
increase the temperature sensitivity of 4, without changing
either 7. or #, and a Q, value of 1.2—-1.3 would increase the
slope of the model Arrhenius plot for 4, (Fig. 5 4) so that it
essentially matches our experimental results. Temperature-
dependent ACh binding (k) would also tend to increase the
temperature sensitivity of A, and would simultaneously
introduce a small effect on 7. in the direction required to
fine-tune the minimal model (Table 3). The only remaining
parameter in Table 3 that could increase the temperature
sensitivity of A, is N, the average total number of ACh
molecules per vesicle. This seems an unlikely factor, how-
ever, unless perhaps future studies show that average vesicle
volume increases with temperature.

Although many model parameters could conceivably in-
fluence the temperature sensitivity of #, (Table 3), only one
seems a likely candidate to prolong 7. mostly at low tem-
peratures. The rate of exocytotic pore expansion appears
highly sensitive to temperature (Q,, of 3—4, Spruce et al.,
1990), and results from Table 3 and our previous simula-
tions of pore expansion (Stiles et al., 1996) show that ACh
exocytosis at 22°C and above is rapid enough to produce
MEPCs very similar to those obtained with infinitely fast
ACh release. However, slower pore expansion at lower
temperatures can increase 7, significantly, and also decrease
A, by a smaller factor. Only a 20—-50% increase in 7, would
be needed to fine-tune the model between 22°C and 0°C
(Fig. 5 B), so a slowing of pore expansion by only about
10-fold over this temperature range (consistent with a Q,, of
~3) might be a significant contributing factor.

Physiological significance of the minimal model

The vertebrate neuromuscular junction must operate as a 1:1
synapse for proper motor coordination, i.e., the multiquantal
endplate current must depolarize the muscle beyond thresh-
old each time the nerve fires. To ensure reliable 1:1 trans-
mission, the current is normally much larger than required
to reach threshold, and many endplate features contribute to
this neuromuscular safety factor (e.g., single axon innerva-
tion for nearly synchronous quantal release, maintenance of
high postsynaptic AChR density, and tightly coupled pre-
and postsynaptic membrane dimensions and structures; Sal-
peter, 1987; Engel, 1987).

In the present study, we have used highly accurate re-
cordings to show that the temperature sensitivity of MEPCs
can be quite small, with apparent Q,, values for 4, #,, and

¢ "

t; mostly well below 2 (Fig. 3). Such minimal temperature
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sensitivity is of functional benefit to the neuromuscular
safety factor and 1:1 transmission, but is perhaps surprising
because most biophysical rates show much more pro-
nounced changes with temperature. Our experimental re-
sults are qualitatively similar to earlier reports, in which it
was sometimes suggested that minimal temperature sensi-
tivity stems from an apparent rate-limiting factor that, itself,
shows little change with temperature, e.g., a low Q,, for
MEPC ¢, ascribed to diffusion of ACh in the cleft (Gage and
McBurney, 1975). Based on our quantitative Monte Carlo
simulations and minimal model, however, we have shown
that MEPC temperature sensitivity in fact depends on two
dominant underlying rates, AChR channel opening and
closing, each of which has a Q,, value of at least 23 (Table
4). The apparent MEPC temperature sensitivity remains
small only because changes in the two rates have opposing
rather than synergistic effects.
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